Formin-1 is the founding member of a family of genes of emerging biological and medical importance that share speci®c domains of homology, allowing them to be classi®ed together as the formin homology proteins. Although de®ciency mutations in formin-1 lead to profound developmental defects in limb and kidney formation, similar de®ciency mutations in more distantly related members of this family (diaphanous and cappuccino in Drosophila and BNI1 in yeast) have ostensibly unrelated phenotypes. Here we describe murine and human formin-2 (Fmn2), a gene which bears a high degree of similarity to formin-1 and cappuccino. The mouse gene, which encodes a putative 1567-amino-acid open reading frame and maps to mouse Chromosome 1, is expressed almost exclusively in the developing and mature central nervous system. Expression begins at embryonic day 9.5 in the developing spinal cord and brain structures and continues in neonatal and adult brain structures including the olfactory bulb, cortex, thalamus, hypothalamus, hippocampus and cerebellum. Human formin-2 has a similar expression pattern. q
Introduction
Understanding the spatial and temporal factors that govern the growth of an organism is a fundamental goal of developmental biology. The formin-1 gene, encoded by the limb deformity locus, is required for proper limb development in mice and has been the subject of much study since its discovery in 1985 (Woychik et al., 1985) . Mice homozygous for mutations in formin-1, in addition to having kidney defects, display multiple limb abnormalities such as fusion of the long bones (e.g. ulna/radius, tibia/®bula) and syndactyly (fusion of digits) (Woychik et al., 1985; Zeller et al., 1989; Maas et al., 1990 ). This phenotype is caused by the inability of the limb bud mesenchyme to appropriately stimulate or maintain the apical ectodermal ridge of the limb bud (Kuhlman and Niswander, 1997) , leading to improper expression of FGF-4 and Shh in the limb bud (Chan et al., 1995b; Haramis et al., 1995) .
Although the requirement for formin-1 has been well described at the organismal and tissue levels, a de®nitive role for formin-1 at the cellular level has not been clearly identi®ed. This is partly due to the complexity of the formin-1 gene. The 400 kb limb deformity (ld) locus (Wang et al., 1997) , originally identi®ed by the fortuitous insertion into the ld locus of a transgene (Woychik et al., 1985) , produces a number of differentially spliced variants of formin-1 . These different isoforms have partially overlapping expression patterns which make targeted disruptions of the formin-1 gene dif®cult to interpret. Although mutations in the 3 H end of formin-1 have been shown to result in limb deformity phenotypes, targeted deletion analysis of variably spliced N-terminal exons failed to produce a limb phenotype (Wynshaw-Boris et al., 1997; Chao et al., 1998) . These data suggest that redundancy may exist among the formin-1 proteins since the carboxy terminus is shared among the different isoforms while the amino terminus exons are isoform speci®c.
Genetically, formin-1 has been shown to interact with two genes to control proper limb formation. The Strong's luxoid (lst) mutation, which causes polydactyly (extra digits) due to ectopic polarizing activity (Chan et al., 1995a) , was shown to be suppressed by a mutant formin-1 allele (Vogt and Leder, 1996) . The lst gene was later identi®ed as the Aristaless-like4 (Alx4) gene, which encodes a paired-type homeodomain protein (Qu et al., 1998) . Recently, the Gli3 gene, mutations in which also cause polydactyly (Hui and Joyner, 1993) , was shown to interact synergistically with formin-1 to position the Shh signaling center to the posterior limb-bud margin .
Attempts to elucidate the true cellular interactors of the formin-1 protein have met with limited success. First, the subcellular site of formin-1 activity is currently unclear. On the one hand, evidence exists that formin-1 is localized in the nucleus and that some ld mutations result in the retention of formin-1 in the cytoplasm (Trumpp et al., 1992; Chan et al., 1996) . Formin-1 has also been shown to bind DNA cellulose and to be modi®ed posttranslationally by phosphorylation of serine and threonine residues (Vogt et al., 1993) . On the other hand, one report demonstrates that a fraction of chicken formin protein can interact with c-Src at cell membranes when both are overexpressed in COS cells (Uetz et al., 1996) . A phage expression screen with the proline rich region from formin-1 identi®ed SH3 domain containing proteins and a number of novel proteins, named the formin binding proteins (FBPs), which contain a proline-binding WW domain (Chan et al., 1996) . The FBPs bind speci®cally to certain proline residues (Bedford et al., 1997) , and FBP21 has been implicated in RNA splicing (Bedford et al., 1998) . However, physiological evidence of an association between formin-1 and any of the SH3 or WW domain-containing proteins is still lacking.
Although the cellular interactors of formin-1 remain uncertain, the formin-1 gene is the founding member of a rapidly growing family of genes which encode the formin homology (FH) proteins. FH proteins have been de®ned by two formin homology domains, FH1 and FH2, which appear together in FH proteins (see Fig. 1B ) (Frazier and Field, 1997; Wasserman, 1998; Zeller et al., 1999) . The FH1 domain, characterized by a proline-rich region, is located approximately in the middle of each FH protein. The FH2 domain was originally identi®ed as a 71-amino-acid stretch of high similarity in the carboxy terminal half of FH proteins (Castrillon and Wasserman, 1994; Emmons et al., 1995) . By allowing lower levels of homology, recent reports have included the entire C-terminus of FH proteins when de®ning the FH2 domain (Frazier and Field, 1997; ). An FH3 domain has also been described which consists of two to three small islands of low similarity located between the N-terminus and the beginning of the FH1 domain (Petersen et al., 1998; Wasserman, 1998) .
FH proteins, for the most part, play a role in cytoskeletal organization and/or establishment of cell polarity. There are at least four subfamilies of FH proteins that have been described to date . Three of these have begun to be characterized at the functional level. The Saccharomyces cerevisiae gene, BNI1, de®nes one subfamily, and two Drosophila genes, cappuccino and diaphanous, de®ne two other subfamilies. Most recently, BNI1 has been shown to organize microtubules by mediating spindle positioning and movement in the budding process (Heil-Chapdelaine et al., 1999; Lee et al., 1999) . Earlier reports link BNI1 and another, S. cerevisiae formin, BNR1, to rho Gproteins and to the control of actin organization via pro®lin binding (Kohno et al., 1996; Evangelista et al., 1997; Imamura et al., 1997) . Certain mutations in the diaphanous gene cause defects in cytokinesis of germline cells that lead to sterility in both male and female Drosophila (Castrillon and Wasserman, 1994) . Mutations in one human diaphanous homologue were found in a patient with sterility due to ovarian failure (Bione et al., 1998) , indicating a possible conservation of sequence and function at the organismal level between humans and¯ies. However, another human diaphanous homologue was discovered as the gene, DFNA1, which is responsible for nonsyndromic deafness (Lynch et al., 1997) . The DFNA1 gene is proposed to be a Rho target and pro®lin ligand that regulates actin organization in the cytoskeleton of hair cells in the inner ear, the same cellular role proposed for its murine orthologue, p140mDia (Watanabe et al., 1997) . Mutations in the Drosophila gene, cappuccino, a maternal-effect fertility factor that de®nes the third formin subfamily, cause Drosophila females to produce embryos which have disorganized microtubules and lack proper anteroposterior and dorsoventral patterning as a result of failure to properly position mRNAs (Manseau and Schupbach, 1989; Emmons et al., 1995) . Until now, the cappuccino subfamily only included itself, the original mouse formin-1 (isoforms Ia, Ib, II, III and IV), and the chicken orthologue of formin-1, isoform IV.
In the past, low stringency hybridization screens and searches of the EST database have failed to identify additional mouse homologues of formin-1. However, we recently identi®ed a novel formin gene, formin-2 (Fmn2). In this report, we describe formin-2 with respect to its full coding region, chromosomal map location, and expression. In addition, partial coding sequence of the human orthologue of formin-2 was identi®ed and used to study the expression of the human formin-2 gene in a variety of organs.
Results

Isolation and cloning of formin-2
To search for formin-1 homologues we used a human EST (human formin-2) with high similarity to formin-1 in a low stringency, murine cDNA library screen. The screen identi®ed a novel cDNA, which we named formin-2. To obtain the full open reading frame we performed additional library screens followed by 5 H -RACE (rapid ampli®cation of cDNA ends) and conventional polymerase chain reaction (PCR) (Fig. 1A) . The deduced open reading frame of formin-2 encodes 1567 amino acids which produces a predicted protein of 166 kDa (GenBank accession no. AF218940). Using the mouse formin-2 sequence, an additional human EST with similarity in the N-terminal region was identi®ed using the BLASTP program (Altschul et al., 1997) and sequenced (Fig. 1A) . Human and mouse formin-2 share 90/93% identity/similarity over the C-terminus (294 amino acids from partial human formin-2 sequence) and 79/ 85% identity/similarity over most of the N-terminus (using 331 amino acids from partial human formin-2 sequence) (Fig. 1B) .
Further database searches using the BLASTP program revealed formin-2 to be a formin homology (FH) protein.
Formin-2 contains both the proline-rich FH1 and the FH2 domains characteristic of FH proteins and is closely related to formin-1 with 55/72% identity/similarity over the entire C-terminus of the two genes (Fig. 1B) and 37/42% identity/ similarity in the FH1 domain (data not shown). Formin-2 is also similar to Drosophila cappuccino with 37/55% identity/similarity in the C-terminus (Fig. 1B) . The high similarity among formin-2, cappuccino, and formin-1, places mouse and human formin-2 in the cappuccino subfamily of the formin homology family of proteins (Fig. 1C) .
Despite the large number of formin homology genes identi®ed in the BNI1 and diaphanous subfamilies in the past several years, the size of the cappuccino subfamily has remained constant since the discovery of the cappuccino H of the FH1 domain of cappuccino subfamily members. Alignment generated using the DNASTAR program Megalign and the Clustal program. Shading in black denotes identity between two or more amino acids. Shading in gray denotes similarity of two or more amino acids. gene in 1995 (Emmons et al., 1995) . Until the discovery of formin-2, formin-1 was the only potential vertebrate orthologue of cappuccino. Assigning orthologue status between members of the cappuccino subfamily is dif®cult because, unlike members of the diaphanous subfamily, very little similarity is found among the cappuccino subfamily proteins in the N-terminal domain. For example, chicken formin-1 is considered to be the orthologue of mouse formin-1, isoform IV because these two proteins share 39% identity in the N-terminus and have similar expression patterns (Trumpp et al., 1992) . Even less identity would be expected of a Drosophila/murine orthologue relationship. Surprisingly, formin-2 contains a 100-amino-acid region in the N-terminus (revealed through BLASTP) which is 23/42% identical/similar to cappuccino (data not shown). However, based on sequence alone, this low level of similarity is not suf®cient for us to conclude anything other than formin-2 and formin-1 are both potential orthologues of cappuccino. It is clear, though, that mouse and human formin-2 are orthologues given 79% N-terminal identity and 94% C-terminal identity in addition to similar expression patterns.
Although all the FH proteins contain proline rich stretches and some have repeat motifs of various lengths, the formin-2 FH1 domain possesses the most extensively repeated proline motif yet described in this family. The amino acid sequence, (M/V)GIPPPPPLPG, is repeated without alteration 11 times in tandem, followed by an additional four repeats and preceded by an additional two repeats with minor alterations (Fig. 1A) . Although we have de®ned the proline motif as beginning with a methionine or valine and ending with a glycine, the two overlapping brain clones (Fig. 1A ) that cover the proline rich region differ by 11 amino acids, GMGIPPPPPLP, which may indicate that this is the repeating unit. (The cDNA clone, Brain 2, contained an extra GMGIPPPPPLP repeat which occurred in the protein sequence in the position marked by the red asterisk (Fig. 1A) .) When an oligopeptide containing at least one copy of the repeating unit (GMGIPPPPPLPGVGIPPPPPLP) was fused to GST, radiolabeled, and used to probe a Western blot of different WW domains, it bound speci®cally to domains of FBP11, FBP21, and FBP30, but not to the WW domain of YAP or GST alone (data not shown) indicating that this motif is capable of binding to speci®c WW domains. In addition to binding WW domains, proline rich sequences are known ligands for SH3 domains, EVH1 domains, and the actin binding protein, pro®lin (Yu et al., 1994; Chen and Sudol, 1995; Sudol et al., 1995; Chan et al., 1996; Fedorov et al., 1999) . Since cappuccino, the closest Drosophila homologue to formin-2, and many of the FH proteins have been implicated in pro®lin binding via the FH1 domain to effect cytoskeletal changes, it is possible that formin-2 binds pro®lin via this novel repeat. Interestingly, mouse diaphanous, p140mDia, contains a subset of the formin-2 repeat, IPPPPPLPG, which is repeated ®ve times exactly with additional repeats that contain modi®cations of this motif (Watanabe et al., 1997) . The de®nitive role of the (M/ V)GIPPPPPLPG repeat in the function of formin-2 remains to be determined.
Searches in Pfam (Bateman et al., 1999) using the Nterminus of formin-2 did not detect any known domains. At least one of the loosely conserved FH3 domains (Petersen et al., 1998; Wasserman, 1998) was detected although the overall similarity was low. A six-amino-acid stretch of polyglutamines (®ve of which were encoded by the CAG trinucleotide repeat) was found in the N-terminus. Additional glutamine doublets were also found throughout the N-terminus. It is interesting to note that FHOS, a recently cloned human formin homology gene in the diaphanous shows expression of an approximately 6.6 kb transcript in E12.5 whole embryo and adult brain (2-day exposure). Faint expression is seen in E9.5 whole embryo, and an additional transcript is detected (,1.5 kb) in testis. As a loading control, a probe to GAPDH was used with a 5-h exposure. (B) A 1.9 kb cDNA from the 3 H end of human formin-2 (Fig. 1A) was used to probe a Clontech multitissue human mRNA dot blot. Strong expression is seen in all tissues of the adult central nervous system (A1±B6), including the pituitary gland (D4) and spinal cord (B7). Fetal brain (G1) also showed heavy expression. Lower level expression was detected in multiple other tissues (colon (C4), uterus (C6), prostate (C7), stomach (C8), testis (D1), ovary (D2), adrenal gland (D5), kidney (E1), small intestine (E3), appendix (F1), fetal kidney (G3), and fetal lung (G7)). Abbreviations: E12.5, embryonic day 12.5 whole embryo; E9.5, embryonic day 9.5 whole embryo; brain 2 cb, brain without cerebellum; GAPDH, glyceradehyde-3-phosphate dehydrogenase; mam. gland, mammary gland; sk. muscle, skeletal muscle. subfamily, also contained a polyglutamine stretch (Westendorf et al., 1999) . In addition, formin-2 contains numerous potential protein kinase C (PKC) and protein kinase A (PKA) sites.
Chromosome mapping
The limb deformity locus which contains the mouse formin-1 gene resides on Chromosome 2. We determined the location of the formin-2 gene in order to ascertain if formin-2 was also located near the limb deformity locus. PCR analysis of the 3 H UTR of formin-2 revealed a size and sequence difference in this region between mouse strains C57BL/6J and M. spretus. This difference allowed mapping using single stranded conformational polymorphism (SSCP) with a Jackson Laboratory interspeci®c backcross (C57BL/6J£M. spretus) F1£C57BL/6J called Jackson BSB' (Rowe et al., 1994) . No recombinants were detected between formin-2 and marker D1Mit150, a marker near the distal end of mouse Chromosome 1 (Fig. 2) . The 95% con®dence limits for the distance between formin-2 showing heavy expression of Pax6 in the cerebellar external granular layer and fainter expression in the internal granular layer. Abbreviations: C, cortex; Cb, cerebellum; CA3, CA3 ®eld of the hippocampus; EGL, external granular layer of cerebellum; EP, external plexiform layer of olfactory bulb; Gl, glomerular layer of olfactory bulb; GrDG, granular layer, dentate gyrus; H, hypothalamus; Hb, habenulopeduncular tracts; Hi, hippocampus; IGL, internal granular layer of olfactory bulb; Mi, mitral layer of olfactory bulb; Ob, olfactory bulb; T, thalamus. Scale bars: 1 mm (A,B,G); 100 mm (C,D,E,F,H). and D1Mit150 are 0±3.8 cM. This region shares a homology of synteny with human Chromosome 1q23±32.
Formin-2 mRNA expression
The important developmental role of formin-1 led us to investigate the potential role formin-2 might play in the developing mouse. To better understand the function of formin-2, we ®rst sought to determine its spatial and temporal expression. A cDNA probe to the 3 H UTR (Probe B, Fig. 1A ) of mouse formin-2 used in RNA blot analyses demonstrated that the formin-2 gene predominantly encodes one, approximately 6.6 kb, transcript (Fig. 3A) ; unlike formin-1, which is expressed in several different splice forms. The size and expression of this transcript was con®rmed using a probe to the 5 H coding region (Probe A, Fig. 1A ) (data not shown). In the adult mouse, this transcript was found primarily in brain tissues. Expression was also detected in E12.5 whole embryo mRNA and, faintly, in E9.5 mRNA. mRNA from testis did, however, contain two smaller transcripts. One faintly expressed testis transcript, detected by the 3 H probe (Probe B, Fig. 1A ), migrated faster than the 1.5 kb marker (Fig. 3A) . The other, detected by the 5 H probe (Probe A, Fig. 1A ) migrated between the 1.5 and 1.8 kb markers (data not shown).
To determine in which regions of the brain formin-2 is expressed and to determine if human formin-2 is expressed in a pattern similar to mouse formin-2, a human multi-tissue Northern blot (data not shown) and RNA dot blot (Fig. 3B ) from Clontech were probed using the entire 3 H human EST (Fig. 1A) . Human formin-2 was detected as an approximately 6-7 kb transcript (similar in size to mouse formin-2) (data not shown). Expression was also detected in all central nervous system regions including spinal cord and pituitary gland (Fig. 3B) . In addition, fetal brain also showed strong expression (Fig. 3B) . Further exposure of the dot blot revealed a second set of tissues which contained faint expression of the formin-2 transcript. Although the level of expression in these tissues was similar to the Escherichia coli DNA control, it was still higher than many other tissues (e.g. heart, kidney, etc.) which contained almost no expression indicating that this low-level expression found in some tissues was potentially above background.
Formin-2 expression during embryogenesis
Northern blot analysis suggested that mouse formin-2 was expressed as early as embryonic day (E) 9.5. Dot blot analysis revealed that human formin-2 was expressed in fetal brain. In order to determine the spatial and temporal localization of formin-2 transcripts during embryological development, whole mount in situ hybridization was performed on E8.5 to E10.5 embryos (Fig. 4A±H ). This analysis demonstrated formin-2 expression at E9.5, E10.0 and E10.5. Predominant expression was observed in the spinal cord and developing brain including the telencephalon, mesencephalon, and rhombencephalon, while low-level, diffuse expression was observed throughout the embryo during these stages.
Section in situ hybridization was performed on E10.5 and E12.5 embryos to con®rm the staining pattern observed in the whole mounts. In transverse sections of E10.5 embryos, strong expression was again observed in the spinal cord both within and outside of the ventricular zone (Fig. 4K ) and in developing brain structures (data not shown). Formin-2 expression was also consistently detected in dorsal root ganglia, though the level of expression was weaker than in the spinal cord and was not apparent on whole-mounts (e.g. see Fig. 4E,G) . In sagittal sections, most regions of the developing brain also contained strong formin-2 expression within and outside of the ventricular zone at E10.5 (Fig. 4L ) and E12.5 (Fig. 4J) . Thus, formin-2 is preferentially expressed in developing CNS during embryogenesis.
Formin-2 expression in adult and neonatal brain
Because the ®rst postnatal week of life is an important time during mouse neuronal and glial cell development, formin-2 expression in P2 neonatal mouse brain was analyzed by section in situ hybridization (Fig. 5) . Sagittal sections revealed olfactory bulb and cerebellum expression (Fig. 5A ). Upon higher magni®cation (Fig. 5C ), strongest expression in the olfactory bulb can be seen in the internal granular layer (IGL) and mitral layer (Mi), with little to no expression detected in the external plexiform layer (EP). The glomeruli were notably lacking in formin-2 expression.
Higher magni®cation of the cerebellum revealed prominent expression in the external granular layer. In addition, a subset of cells near the Purkinje cell layer also contained formin-2 transcripts (Fig. 5E) . For comparison, Pax6 shows Fig. 6 . Expression of formin-2 in adult mouse brain. Section in situ hybridizations were performed using an antisense probe generated from Probe B (3 H UTR; Fig. 1A ) which detected the same expression pattern as with an antisense probe generated from Probe A (5 H UTR; Fig. 1A ) (data not shown). (A) Diffuse hybridization in cortex with no expression detected in white matter. Red arrowhead points to dense hybridization in piriform cortex. (B) Magni®ed view of white boxed region in A demonstrates the dense hybridization in cortex region and no hybridization in the white matter. (C) Heavy, diffuse expression seen throughout the cortex especially the piriform cortex (red arrowhead). Speci®c expression seen in CA1 and CA3 ®elds of the hippocampus along with the granular layer of the dentate gyrus. Very little to no hybridization is detected in the thalamus. (D) Further magni®cation of the region contained in the white box in C shows areas of formin-2 expression in the cortex and the CA1 ®eld of the hippocampus (red arrowhead). Formin-2 is not expressed in the white matter. (E) Expression of formin-2 seen in the Purkinje cell layer of the cerebellum with additional punctate hybridization is detected in the medullary brain stem. (F) Increased magni®cation of the region contained in the white box in E shows the dense hybridization in Purkinje cells (red arrowhead). Low-level, diffuse expression is seen in the molecular layer and the granular layer. No hybridization is detected in the branching white matter of the cerebellum (white arrowhead). Abbreviations: co, cortex; wm, white matter; gr, granular layer; me, medulla; mo, molecular layer; th, thalamus. Scale bars: 1 mm (A,C,E); 100 mm (B,D,F). preferential expression in the external granular layer of the cerebellum and weaker expression throughout the internal granular layer (Fig. 5G,H) .
Formin-2 expression was detected in layers 2±6 of the cerebral cortex (Fig. 5B) . In the hippocampus, formin-2 was expressed in the granular layer of the dentate gyrus and the pyramidal cells of the CA3 (and CA1) ®elds (Fig. 5D) . Under higher magni®cation, scattered, regions of expression were detected in the thalamus (Fig. 5F ) and hypothalamus (data not shown).
Since each tissue of the adult human brain appeared to contain formin-2 transcripts by mRNA dot blot analysis (Fig. 3D) , section in situ hybridization was also performed on adult mouse brain to determine which cellular layers of the brain express this gene. In this analysis, formin-2 expression was detected throughout the cortex (Fig. 6A) . No expression was observed in white matter of the corpus callosum, suggesting higher levels of formin-2 expression in neurons than in glia. The neurons of the CA1 (red arrowhead, Fig. 6D ) and CA3 ®elds of the hippocampus showed strong expression as did the granular layer of the dentate gyrus (white arrowhead, Fig. 6C ). Although scattered expression was observed upon high magni®cation, relatively little expression was detected in the hypothalamus and even less in the thalamus. In the cerebellum, the Purkinje cells (red arrowhead in Fig. 6F ) showed strong expression. Scattered expression was detected in the medulla (Fig. 6E) . The expression pattern indicated that formin-2 is clearly expressed in many, but not all, neurons of the brain. Since expression was detected in areas of the brain that contained both neurons and glial cells, we cannot exclude the possibility that glial cells may also contain formin-2 transcripts.
The similar expression pattern of mouse and human formin-2 in the developing and mature central nervous system suggests a similar role for the human and mouse genes. Interestingly, chicken formin-1 is expressed during embryogenesis in the notochord,¯oor plate, and ventral horns, in addition to the developing limb bud (de la Pompa et al., 1995) . Although mutations in mouse formin-1 have not resulted in any neurological defect reported to date, it is also interesting to note that mouse formin-1 isoforms I±IV begin expression at the same embryological stage, E9.5, as does formin-2 (Chan et al., 1995b) . Isoforms I±III are expressed in dorsal root ganglia, cranial ganglia, and the developing kidney. Isoform IV is expressed in the notochord, the somites, the apical ectodermal ridge of the developing limb bud, and the developing kidney. Thus, mouse formin-1 and -2 begin expression at the same stage of embryogenesis with partially overlapping expression patterns. It is possible that these two genes may act redundantly in certain tissues of the central nervous system such as dorsal root ganglia. Furthermore, formin-2 is expressed in the central nervous system when axonal growth, migration, and synapse formation are occurring. Since these are processes that depend upon dynamic changes in the cytoskeleton (Van Vactor and Flanagan, 1999) and formin homology proteins are thought to be organizers of the cytoskeleton, it is possible that formin-2 may function by coordinating cytoskeletal processes during this crucial time.
The formin family is diverse and expanding. With two of the human FH proteins already implicated in etiologies of known human disorders, it is clear that this family contains an important set of genes from both a biological and medical perspective. The discovery of mouse and human formin-2 raises the number of mammalian homologues of cappuccino from one to two, which may indicate that this subfamily has additional, as yet undescribed, members. From a functional viewpoint, formin-1 and cappuccino are quite different. Mutations in formin-1 result in limb and kidney defects, whereas mutations in cappuccino result in severely reduced female fertility. Formins in the diaphanous subfamily display a remarkable degree of functional conservation in that they are required for cytokinesis in germ cells in Caenorhabditis elegans (Swan et al., 1998) , D. melangaster (Castrillon and Wasserman, 1994) and, potentially, humans (Bione et al., 1998) . It will be interesting to determine the functional role in the mouse of formin-2 to see if it has a role similar to formin-1 or cappuccino. At present, the cellular function of the cappuccino subfamily remains the least well understood. It is likely that further analysis of formin-2 both at the cellular and organismal levels will help elucidate the biological role of this formin subfamily.
Materials and methods
Cloning formin-2
In the search for additional mouse homologues of the formin-1 gene, human EST r56121 (3 H human EST, Fig.  1A ) was identi®ed in the GenBank EST database. This EST clone was sequenced and used in its entirety to probe a Clontech l gt10 cDNA library (catalogue no. ML3067a) derived from 17-day-old mouse embryos (pooled from Swiss Webster/NIH embryos). Several overlapping clones were identi®ed. A 511 bp probe from embryo clone 1 was generated using PCR (5 H primer: GGCTAGGAAGCAGCC-GATCGAGCC; 3 H primer: ACCCGCTCGGAGAAGT-TGGG) and used to screen a Stratagene mouse (ICR outbred strain) brain cDNA library (catalogue no. 936309). Two overlapping brain clones (brain 2 and 4e, Fig. 1A ) were identi®ed. Double stranded sequence of these two clones was obtained except for one stretch of approximately 200 bp of the repetitive proline rich sequence which could only be sequenced in one direction in both clones. Repeated screening of this library failed to identify any additional clones. A cDNA pool was then prepared from Swiss Webster mouse brain mRNA using Clontech's Marathon cDNA Ampli®cation kit (catalogue no. K1802-1) and the following primer from formin-2 coding sequence: GTCTGCAGAGGCTGTCAATCC. 5 H -RACE was then performed following instructions from Clontech's Marathon cDNA Ampli®cation kit. Four rounds of 5 H -RACE were performed in total. Conventional PCR was then used to con®rm the sequence obtained in the RACE reactions. Four clones (Fig. 1A) were sequenced from two independent PCR reactions which used Clontech Marathon mouse brain cDNA (pooled from BALB/c males) (catalogue no. 7450-1) as a template and the following primers: 5 H primer: TTCTGGAAAGAGGGACGGCAGCC; 3 H primer: CAG-CATTTCTGGTCCCTGTAGATTGC. The determination of the 5 H coding region of formin-2 allowed the identi®cation and sequencing of another human EST clone (W39395) which bore homology to formin-2 in this region (Fig. 1A) . The nucleotide sequence of mouse formin-2 including part of the 5 H UTR (224 bp) and 3 H UTR (842 bp) has been assigned the GenBank accession number AF218940. The nucleotide sequence of the sequenced human EST clones r56121 and W39395 have been assigned the GenBank accession numbers AF218942 and AF218941, respectively.
Mapping formin-2 using SSCP
PCR was performed in a total volume of 50 ml of water containing 0.5 mM dNTPs, 5 ml of 10£ ampli®cation buffer (Boehringer Mannheim), 2.5 units of Taq DNA polymerase (Boehringer Mannheim), 25 ng of genomic DNA, 100 ng of each primer (5 H primer: GAGGTAAAAGAAATCATGGG; 3 H primer: CTTGAAAATATTAAGTGAAGC), and 1 mCi of [a -32 P]dCTP. PCR was performed in a Perkin±Elmer thermal cycler using 30 cycles of 948C for 1 min, 558C for 1 min, and 728C for 2 min. These primers match sequences in the 3 H UTR of the murine formin-2 gene and amplify an approximately 204 bp fragment which contains both size and sequence differences between the two mouse strains C57BL/6J and M. spretus. The (C57BL/6J £ M. spretus)F1 £ C57BL/6J cross DNA panel (Jackson Laboratory) was used for the reactions and products were analyzed on a 90 mM Tris±borate/2 mM EDTA/6% polyacrylamide gel. The gel was run at 48C at constant power of 40 W, dried, and exposed for one night. Results were compiled and sent to the Jackson Laboratory Mapping Panels for linkage analysis.
3.3. RNA blot analysis 3.3.1. Northern blot analysis Total RNA was isolated from different mouse tissues or whole embryos with RNA STAT-60 (Tel-Test), on the basis of the manufacturer's protocol. Poly(A) RNA was prepared from 250 mg per sample of total RNA (Boehringer Mannheim mRNA isolation kit (catalogue no. 1741985) and electrophoresed in formaldehyde agarose. Membrane treatment, hybridization, and autoradiography with [a-32 P]dCTP-labeled probe was performed according to the manufacturer's directions (Genescreen membranes, NEN Life Science Products). Two probes were used: Probe B (Fig. 1A) is described below in in situ hybridizations; the 520 bp Probe A (Fig. 1A) 
In situ hybridizations
Whole-mount and section in situ hybridizations were performed with digoxygenin-labeled probes essentially as described (Riddle et al., 1993; Vortkamp et al., 1996) . An 875 bp riboprobe template of the 3 H UTR of formin-2 (Fig.  1A ) was generated using PCR (5 H primer: TTTTC-CTCTGAACCTCTTG; 3 H primer: AACGAATACAT-CATCCTCAC) with embryo clone 1 as a template. This was subcloned into the pBLUESCRIPT KS vector with T3 polymerase producing anti-sense and T7 polymerase producing sense transcripts. For embryo whole-mount and section in situ hybridizations, embryos were harvested from timed matings (E8.5, 9.0, 9.5, 10.0, 10.5 and 12.5) of wildtype Swiss Webster mice (noon on the day after appearance of the vaginal plug was de®ned as 0.5 dpc). For both P2 and adult brains (age .6 weeks), wild-type Swiss Webster mice were used. For section in situ hybridization, P2 brains were embedded in paraf®n and sectioned at 10 mm; adult brains were embedded in O.C.T. (Tissue-Tek) and sectioned at 20 mm using a cryostat.
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